Background: Recently, several papers have assessed land use consequences of biofuel expansion. In the absence of empirical evidence, these papers assigned subjective values to extensive margin (productivity of new croplands over productivity of existing croplands).
Background
The increased demand for bioenergy in the USA, European Union, and other regions across the world has raised debates on land use consequences of biofuel production. In response to these debates, several attempts have been made to evaluate land use impacts of biofuels and their consequent land use emissions [1] [2] [3] [4] [5] [6] [7] [8] [9] . These evaluations are obtained from partial and general equilibrium models representing different modeling structures and assumptions. Despite the differences, models used in this area, explicitly or implicitly, make assumptions on the elasticities of cropland yield and land supply with respect to crop prices. These two elasticities are often referred to as intensive and extensive margins, respectively.
Several studies have estimated intensive yield elasticities. Kenney and Hertel [10] have reviewed many of these papers. Huang and Khanna [11] and Berry [12] represent the most recent studies in this area. However, there is almost no reliable work on extensive margin. In the absence of empirical evidence, economic modelers often rely on their personal conjecture and assign subjective values to the extensive margins in their analyses. For example, Searchinger et al. [5] a and Hertel et al. [6] b , whose articles are well known and frequently cited in this area, made simple assumptions in their land use assessments. The former article assumed that intensive margin due to ethanol production will wash out its extensive margin. The latter article simply assumed that on average, productivity of new lands converted to crop production is about two-thirds of the average productivity of existing croplands in each region. This paper fills a gap in this area and provides a data set which estimates land productivity at 0.5°× 0.5°(longitude × latitude) grid-cell level. To generate this data set, a process-based biogeochemistry model, the terrestrial ecosystem model (TEM) [13] [14] [15] along with spatially referenced information on climate, elevation, soils, and vegetation land use data are used. This data set can be used in connection with economic partial equilibrium and computable general equilibrium models which are used to assess land use changes induced by economic factors. To show a real application, the obtained data set is used to generate a set of parameters which estimates extensive margins for 18 agroecological zones (AEZ) at a regional level (Additional file 1 provides the list of regions and their members). Finally, the Global Trade Analysis Project with biofuels (GTAP-BIO) model used by Hertel et al. [6] is augmented with the new extensive margins and used to reassess land use implications due to the US ethanol program estimated in the study of Hertel et al. [6] . Results indicate that new extensive margins reduce the estimated land requirement for ethanol production by 25%.
The intensive and extensive margins play important roles in land use assessments of biofuel production. This paper concentrates on the latter concept. Crop producers may expand their croplands to produce more crops in response to a higher demand for crops, for example, due to an increase in biofuel production. The size of expansion in cropland depends on the productivity of new cropland. A simple example can be used to show the role of extensive margin in cropland expansion. Consider a closed economy which plans to produce 10 billion liters of ethanol. To meet this target, given the existing technology, about 25 million metric tons of corn are needed. Assume that this economy can reduce its current corn consumption by 12.5 million metric tons through reductions in corn consumption in food industries, replacement of corn used in livestock industry with ethanol by-product produced in conjunction with ethanol production, and all other factors which affect corn consumption. Hence, this economy needs to produce 12.5 million metric tons of additional corn. Assume that in this economy, on average, corn yield is about 10 metric tons/ha on the existing cropland and that about 40% of the additional demand for corn can be produced on the existing cropland due to conversion of cropland from other crops to corn production. In addition, assume no yield improvement.
Under these assumptions, this economy needs to expand its cropland to produce about 7.5 million metric tons of the remaining corn demand. The magnitude of cropland expansion depends on the productivity of new lands. If the average productivity of new lands is the same as the existing corn yield (i.e., 10 metric tons/ha), then this economy needs to convert about 0.75 million ha of its natural land (forest and pasture land) to cropland. If the average productivity of new lands is smaller than the existing yield, say 7.5 metric tons/ha, then the expansion in cropland will be 1 million ha. Finally, if the average productivity of new lands is higher than the existing yield, say 12.5 metric tons/ha, then the expansion in cropland will be 0.6 million ha.
Consider now four terms. The first term is marginal land. This term refers to newly converted lands from its current use (forest or pasture land) to crop production. The second term is average productivity of marginal land, Y m , which refers to the average productivity of newly converted lands to cropland and measured in terms of crops produced on new lands. The third term is average productivity of existing croplands, Y c , measured in terms of crops produced on the existing croplands. The last term is the extensive margin, ETA, which measures the ratio of Y m /Y c . The example presented above assumed three cases for Y m , and they are 7.5, 10, and 12.5 metric tons/ha. From these figures, three possible values of 0.75, 1.0, and 1.25 can be assigned to ETA. In general, Y c can be obtained from actual observations, but the true values for Y m and ETA are unknown in each region. Given an estimate for ETA, one can estimate the average productivity of marginal land for a given Y c .
The GTAP-BIO model used by Hertel et al. divides the global managed land cover into three categories of managed forest, pasture, and cropland; traces land conversions among these land types due to changes in economic factors (for example, higher demand for biofuels) at a country/regional level by AEZ; and assigns value added to these land categories. The GTAP-BIO model excludes unmanaged forest from economic activity and does not take into account possible conversion of unmanaged forest to other alternative uses. As mentioned above, this model assumes a value of ETA = 2/3 regardless of the location of land conversion. This means the model assumes that on average, productivity of marginal land is two-thirds of the existing cropland all across the world. This value is identical to the global extensive margin calculated by Field, Campbell, and Lobell [16] for abandoned croplands. These authors evaluated average yields for different types of lands at a global scale in terms of net primary product (NPP). Their results indicate that the average yield on global available abandoned lands (cultivated and used prior to 2000 but were not used this year) was two-thirds of the existing cropland. This definition for land abandonment is comparable to the definition of land category 'cropland pasture' in the USA. However, as mentioned earlier, in GTAP, new lands are indeed converted from their current uses (managed forest and pasture) to crop production, and they are not necessarily low-quality abandoned land. Hence, we need an alternative estimate of the productivity of marginal lands. This paper fills the gap in this area and estimates extensive margins based on estimated NPP values using the TEM.
In general, there is a positive and strong relationship between NPP and crop yields in an ecosystem, other factors being constant. Based on this relationship, several papers have evaluated NPP using harvested yield data, and some articles have estimated crop yields or potential biomass yield using NPP estimates [16] [17] [18] [19] [20] [21] [22] . This paper follows the literature in this area and defines a method to assess land productivity in terms of NPP of a C4 crop. It then uses the C4 NPP yields and calculates extensive margins at a country/AEZ level. While this paper concentrates on the estimated extensive margins using a C4 crop, the same practice is also repeated using a C3 crop. Since the resulting ETA values are ratios of productivities of uncultivated land versus cultivated land, we find that the estimated extensive margins for both C4 and C3 crops are close to each other.
Methods
Extensive margin and productivity measurement NPP, the difference of gross primary production via plant photosynthesis and autotrophic respiration in a given time period (e.g., 1 year), indicates the rate of storage of biomass in a given time period. The magnitude of NPP per unit of land varies with the soil quality, climate condition, type of land cover, and by species. For a given soil quality and climate condition, the magnitude of the NPP changes when the land cover changes from one type to another. Our goal in this paper is to estimate extensive margins by comparing the productivities of existing croplands and their natural land counterparts regardless of their current vegetation covers.
Measuring productivities of the existing cropland and marginal land in terms of NPP of their current land cover is misleading. For example, consider a hectare of forest land with an annual NNP of 6 million grams of carbon per hectare per year (Mg C ha −1 year −1 ) and a hectare of cropland with NPP of 3 Mg C ha −1 year −1 . In this case, the NPP of forest land is twice the NPP of cropland. However, it does not mean that if we convert the forest to cropland, then we can get productivity twice that of the existing cropland. The issue is that the existing land covers of these two land parcels are different. Thus, the productivities of croplands and their natural land counterparts should be evaluated regardless of their current vegetation covers. To be neutral with respect to the current land covers, as explained later on in this paper, we defined a C4 crop. The parameters of the TEM are then calibrated according to the characteristics of the C4 crop. Finally, the TEM is used to assess the NPP for the C4 crop (henceforth, NPP C4 ) for all grid cells all across the global land surface. Given the calculated NPP C4 for all grid cells, the following approach is used to estimate the extensive margin productivity measured as the ratio of average productivity of the natural land to the average productivity of cropland at a country/AEZ level. At this point, it is important to note that the GTAP land use module considers average productivity of cropland at the AEZ level and does not distinguish variations in productivity within an AEZ. Also, this model uses a constant elasticity transformation function to handle the supply side of market for land. Hence, it ignores important factors such as accessibility of land, existing infrastructure, and land conversion cost.
Consider now an AEZ in region r with n types of original land cover classifications and assume a portion of each type of land classification is already converted to cropland. In this AEZ, each parcel of land is recognized by its original and current land covers. For example, a parcel of land with index m1 indicates that this land parcel belongs to the land cover category 1 and currently is covered by its original land cover, or a parcel of land with index of c1 indicates that this parcel of land is originally in the land cover category 1 but currently is under crop production. The productivity of each parcel of land is measured in terms of NPP C4 regardless of the original and current covers. For example, NPP c1 C4 represents the calculated NPP C4 for a parcel of land with original land cover type 1, which is currently under crop production, or NPP m1 C4 represents NPP C4 for a parcel of land with original land type 1 which is country covered by its original vegetation. Given the estimated NPP C4 for all parcels of a grid cell, the extensive margin for that grid can be calculated using the following relationship:
In this equation, A ci represents the area of land types i which is already converted to crop production and A mi represents the area of land types i which is still in its original classification. A i = A ci + A mi represents the total area of land type 1 and P i n A i measures the total area of AEZ. In this equation, the numerator of the right-hand side is the weighted average of the productivity of existing natural lands and the denominator measures the weighted average productivity of the existing cropland in the AEZ both measured in terms of NPP C4 . To make sure that the estimated ETA ratios do not vary with the type of simulated crop, we repeated the whole process explained above for a C3 crop. As presented later in this paper, we find that the calculated NPP C3 values and NPP C4 values are very different, but the estimated ETA ratios obtained for the C3 crop are close to the results obtained for the C4 crop. This shows that the estimated ETA ratios are independent from the choice of crop and their productivities.
The TEM
We use a process-based biogeochemistry model, the TEM [13] , to estimate NPP for each 0.5°× 0.5°(longitude × latitude) of the global terrestrial ecosystems. TEM uses spatially referenced information on climate, elevation, soils, and vegetation to make monthly estimates of C and N fluxes and pool sizes of the terrestrial biosphere. In TEM, the net ecosystem exchange of CO 2 between the land ecosystems and atmosphere is calculated as the difference between the uptake of atmospheric CO 2 associated with photosynthesis (i.e., gross primary production (GPP)) and the release of CO 2 through autotrophic respiration (R A ) and heterotrophic respiration (R H ) associated with decomposition of organic matter. The fluxes GPP, R A , and R H are influenced by changes in atmospheric CO 2 , climate variability and change, and the freeze-thaw status of the soil. Figure 1 represents this model and its major components.
The model has been extensively used to evaluate C dynamics [13] [14] [15] [23] [24] [25] [26] . Its structure, algorithm, parameterization, calibration, and performance have been documented [13, 26, 27] .
Parameters in TEM may be specific to different vegetation types, specific to different soil textures, or constant for all vegetation types and soil textures. Most of the parameters in TEM are assigned values derived from the literature, but some parameters are calibrated to the carbon and nitrogen pools and fluxes of intensively studied sites (see [25] and [27] for details). In this paper the model is calibrated for a C4 crop based on literature review [21, 28] . The pools and fluxes of ecosystem carbon and nitrogen of the calibrated crop ecosystems are shown in Table 1 .
Input data sets
To apply TEM to make spatially and temporally explicit estimates of ecosystem carbon storage and net primary production in this study, we use the same input data sets as were used by Zhuang et al. [13] . These input data sets are important for directly affecting processes in the model (e.g., the effects of soil temperature on heterotrophic respiration) and for defining the parameters that are specific to vegetation types and soil textures. We use a potential vegetation data set similar to that described by Melillo et al. [25] . Soil texture and elevation do not vary in time but vary in space in our simulations. Transient historical atmospheric CO 2 concentrations are used. Data sets describing historical changes in monthly air temperature and precipitation are gridded at 0.5°× 0.5°s patial resolution for our simulations [13] . ). NRESORB, NMOBIL, L N , NUPTAKE L , NUPTAKE S , NETNMIN, NINPUT, and NLOST represent the amounts of resorbed nitrogen as labile nitrogen from structural nitrogen, nitrogen mobilized for production via recycling, nitrogen in litter production, nitrogen uptake by vegetation for labile nitrogen, nitrogen uptake by vegetation for structural nitrogen, net nitrogen mineralization, nitrogen input to the ecosystem, and nitrogen lost from the ecosystem, respectively. These nitrogen fluxes are in grams of nitrogen per square meter per month (g N m −2 month −1 ). ).
Global simulations
We run TEM at 0.5°× 0.5°(latitude × longitude) resolution from 1900 to 2000. For the simulations of C4 crops, we assume that each grid cell was replaced with the C4 crop and keep the information of soils, elevation, and climate as the same as the simulation for natural ecosystems. For each grid cell, we first run TEM to equilibrium for an undisturbed ecosystem using the longterm averaged monthly climate and CO 2 concentrations from 1900 to 1949 to account for the influence of interannual climate variability on the initial conditions of the undisturbed ecosystem. We then run the model with transient monthly climate data from 1900 to 2000. The simulated NPP for C4 crop simulations of the year 2000 are used for our study and are available at the regional level by AEZ in Additional file 2.
Results and discussion
Using NPP data to obtain ETA
We use NPP C4 data as a proxy for yield to calculate the regional land conversion factors by AEZ using the relationship defined in Equation 1 . In this process, we first matched the results from TEM with GTAP land use databases to assign AEZs to all grid cells across the world. We then imposed several restrictions to drop lands which are not good for crop production. In particular, we dropped the grid cells with the following types of land cover c :
Alpine tundra and polar desert, In addition, we dropped all grid cells with cells with median of terrain slopes greater than or equal to 16% d . We dropped these because they are not appropriate for crop production. We then used the cleaned database to derive the land conversion factors.
To explain the derivation process, we first analyze our data for two sample regions: USA AEZ10 and Brazil AEZ4. Figures 2 and 3 represent the shares of available and converted natural grasslands in these two sample areas. In each graph, we classified the land into six groups of productivities measured in terms of NPP C4 . Figure 2 indicates that in USA AEZ10, a big portion of the natural grassland is already converted to crop production. A small amount of grassland is available to be converted to crop production in this AEZ. However, the available land is distributed across all productivity groups. Note that the AEZ10 of the USA covers a large area with relatively different land qualities, weather conditions, and length of growing periods between 180 to 240 days. While the estimated NPPs at the grid-cell level can be used to examine heterogeneity in yield in subAEZs, we developed our analyses at the AEZ level because the GTAP-BIO model works at the AEZ level and ignores variations within an AEZ. Now, consider Figure 3 which indicates that in the Brazil AEZ4, a lot of grassland remains in natural cover, and only a small portion of grassland in this AEZ has been converted to crop production. In this AEZ, available land is distributed across all productivity groups as well. Now, consider another aspect of the NPP data in these two AEZs. Figure 4 compares the average productivity of grassland converted to crop production in the past with the productivities of all grassland parcels that remained in natural cover in the USA AEZ10. In this figure, grid cells are sorted according to their productivity. Thus, when we move from the left side to the right side of the horizontal axis, we move from grid cells with higher productivities to the grid cells with lower productivities. In this graph, the ratio of the area A + B (area below the productivity of grassland curve) over the area B + C (area below the red line) provides us a land conversion factor for this type of land in this AEZ. All of the land pixels in area A represent pixels with productivity (for C4) higher than the average productivity of existing cropland (the straight line). All of the pixels in area B have a productivity that is less than the average cropland. Thus, area A + C over area B + C shows the average productivity of new land versus the average productivity of existing cropland. The assumption then is that the marginal unit of land has this productivity. Figure 5 provides the same information for Brazil AEZ4. The calculated ETA obtained for the USA AEZ10 and Brazil AEZ4 are 0.93 and 1, respectively. These figures represent ETA obtained from the mix of data on grassland and forest in these two AEZs.
While we are able to derive the conversion factors for all types of land cover, we pooled all land types in each AEZ in each region and defined the geographical land conversion factors at the AEZ level. It is important to point out that the model does not take irrigation into account. However, in the real world, in some areas, lands are under crop production with irrigation. For this reason, we reduced the productivity of all natural land by 10% e and assumed that there is no land conversion factor greater than 1 f . The results of these calculations are shown in Table 2 . In this table, a value of 0 means no land is available and a value of 1 shows that the average productivity of new land is equal to the average productivity of the existing cropland. Table 2 indicates that the US land conversion factors range from 0.51 to 1, depending on the AEZ. The GTAP-BIO value for the land conversion factor (i.e., ETA = 0.66) falls within this range. However, Table 2 shows that the Brazil land conversion factors range from 0.89 to 1 and that most of them are around 0.9. This means that the estimated ETA values for Brazil are higher than the simple assumption made by Hertel et al.
To check the sensitivity of results with respect to the type of simulated crop, another set of new ETA parameters are obtained using C3 NPP for all regions by AEZ. In this practice, the TEM is tuned for a C3 crop, and then the whole process described above is repeated for the C3 crop as well. The results indicate that there is no major difference between the ETA parameters obtained from the C4 NPP and C3 NPP. For example, consider the results presented in Table 3 
Land use impacts of US ethanol production
In this section, we assess the land use impacts of the 2015 US ethanol mandate using the GTAP-BIO model under two set of assumptions: (1) assume that ETA = 0.66 everywhere across the world and (2) assume that ETA varies across the world according to the values presented in Table 2 . In both simulations, we follow Hertel et al. to define our simulation process. The results indicate that the new extensive margins estimated using the TEM at the region/AEZ level result in a reduced estimated land requirement for ethanol production by about 25% compared with earlier estimates based on the global ad hoc value of ETA = 0.66. Geographical distributions of induced cropland expansions are almost identical for both simulations (with the ad hoc uniform and new regional extensive margins). The results show that the model with new extensive margins predicts a smaller share for forest in the total land conversion (23.3% for uniform ETA versus 14.4% for regional/AEZ ETAs). The lower share for forest in induced land conversion leads to a lower estimate for induced land use emissions due to ethanol production. Thus, having a more robust and region/AEZ specific calculation of ETA is very important in estimating the land use changes induced by biofuels.
Uncertainties and limitations
The estimated land margins provided in this paper, as with any other estimate, are subject to restrictions and uncertainties. One restriction is related to the GTAP aggregation level. The GTAP model operates at the AEZ level. At this aggregation level, the model uses the most productive lands first in response to the need for cropland expansion in each region. This means that if more R1  R2  R3  R4  R5  R6  R7  R8  R9  R10 R11 R12 R13 R14 R15 R16 R17 R18 1.00 0.89 0.00 1.00 0.00 1.00 1.00 0.00 0.92 0.00 0.00 1.00 1.00 0.85 1.00 1.00 0.00 0.00 1.00 17 0.00 0.00 0.00 0.00 0.00 1.00 0.00 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.00 18 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
In this table, a value of 0 means no land is available. In general, when ETA = 1, it shows that the average productivity of new land is equal to the average productivity of existing cropland. ETA values greater than 1 are also truncated to 1. Columns R1 to R19 represent the following regions, respectively: USA, EU27, Brazil, Canada, Japan, China, India, C-America, S-America, E-Asia, Mala-Indo, R-SE-Asia, R-S-Asia, Russia, E-Europe-RFSU, Other Europe, M-East-N-Africa, Sub-Saharan Africa, Oceania. These regions and their members are listed in Additional file 1. cropland is needed, it will be taken from the most productive AEZ where land is available and profitable to be converted to crop production. In this process, the model compares average productivities at the AEZ level to determine in what AEZs the cropland should be expanded.
Prior to this research, the GTAP model was using a global land margin (0.66) everywhere all across the world. To remove this deficiency, we developed a set of regional land margins at the AEZ level. In developing these land margins, we ignored heterogeneity within AEZs and aggregated our gridded productivity estimates to AEZ level to obtain average productivities at this level to match the GTAP aggregation level. However, our data indicate that productivity can vary significantly within an AEZ. A typical AEZ covers millions of hectares of cropland, pasture, and forest and includes many landowners/ farmers who have different land qualities and are also faced with different constraints and economic factors. In the real world, given the existing constraints and relative returns to alternative land types, landowners/farmers convert lands with different productivities to cropland to satisfy the need for more crops. GTAP simplifies these details and works with the average productivities at the AEZ level which are obtained from actual observations. Therefore, while in the real world, landowners/farmers convert different land qualities to cropland; the GTAP model simplifies the real world and simulates land conversion process using averages at the AEZ level. This simplification and aggregation scheme could introduce uncertainties in the estimation process of induced land use changes due to ethanol production. For example, one can imagine a situation where farmers convert most productive lands to crop production in response to a higher demand for ethanol. In this case, the model which operates based on average productivity overestimates the land requirement for ethanol production. On the other hand, it is quite possible that farmers convert low-quality land due to the existing constraints. In this case, the model underestimates the land requirement. A more precise land use module which operates at a finer grid-cell resolution and takes into account heterogeneity within each AEZ can reduce uncertainties due to the aggregation scheme at the AEZ level.
The TEM assumes no irrigation in its calculations, while in the real world, a portion of cropland is irrigated. In this paper, we reduced productivity of uncultivated land by 10% to take into account the fact that a portion of crops are irrigated. A sensitivity test indicates that the ETA values increase by about 5% to 6% if a uniform irrigation adjustment rate of 5% is used, and they drop by 4% to 6% if the adjustment rate is 15%. This sensitivity test indicates that the ETA values are not very sensitive with respect to changes in the uniform irrigation adjustment factor. However, incorporating regional irrigation adjustment factors may change this picture for the regions where productivities of irrigated and rainfed lands are very different, and water resources are available to expand irrigated crops. Of course, using a simple irrigation adjustment factor introduces some uncertainties in the results. However, without comprehensive data analyses, it is almost impossible to evaluate these uncertainties. To evaluate uncertainties related to the simple irrigation adjustment factor, data on harvested area and crop produced by irrigation and rainfed categories at the grid cell are needed. This is a major research activity which can be addressed in the future.
The GTAP model only considers land transition among accessible managed lands. However, the data set behind the TEM which represents historical changes in land cover does not distinguish between accessible managed land and inaccessible land. For this reason, we dropped lands which are not suitable for crop production or their conversion to cropland is prohibited across the world for environmental protection reasons. We also truncated ETA values >1 to 1. As mentioned earlier in this paper, ETA values >1 usually represent regions with large areas of inaccessible land with small areas of cropland. If farmers convert a significant amount of inaccessible land to cropland and the productivities of inaccessible lands are significantly different from their accessible counterparts, then our ETA values could be biased.
In this paper, the TEM is used to evaluate NNPs for cultivated and uncultivated lands. The estimation process is tested for a C4 and a C3 crop. Results indicate that the NPP values vary when we switch from C4 to C3. This means that the estimated NPPs are sensitive to the calibration process and the type of simulated crop and hence are subject to uncertainties. However, we showed that the NPP ratios developed and used in this paper are not sensitive to the calibration process.
Finally, as mentioned earlier, the original GTAP model was using a global value of ETA = 0.66 everywhere across the world. We also mentioned that based on the work of Field et al. [16] , this figure is equal to the ratio of global average productivity of abandoned cropland over the global average productivity of active cropland both estimated in terms of NPP. Our method indeed extends the approach of Field et al. [16] to estimate ETA values at a regional scale by AEZ for converting uncultivated land to cropland. In the estimation process, we used detailed historical information at a grid-cell level. The data items used in this process are mainly representing actual observations at a grid-cell level resolution. In a few cases where proper regional data were not available, global values were used. There is no doubt that the new method provides a better representation of reality than the prior method. While the new method provides better estimates compared to the prior work, we cannot accurately evaluate the accuracy of the estimated land margins with respect to their true values because we just do not know the true values. If we knew the true values, there was no need to estimate them.
Conclusions
The increased demand for bioenergy has raised debates on land use consequences of biofuel production. Several attempts have been made to evaluate land use impacts of biofuels and their consequent land use emissions. These evaluations are obtained from partial and general equilibrium models which relied on ad hoc assumptions on the productivity of new croplands. To establish a method of estimation for this parameter, this paper provides a new data set which can be used to estimate land productivity at 0.5°× 0.5°(longitude × latitude) grid-cell level regardless of existing economic conditions. However, we used this data set to estimate land productivity at the region/AEZ level to match with the GTAP aggregation level. Basically, instead of assuming that all countries and AEZs are the same, our approach takes advantage of information on productivity differences by country and AEZ and makes use of that information. In general, these data can be used in connection with economic models to assess regional and global land use implications of expansion/contraction in agricultural markets. As an example, this data set is used to estimate a set of regional extensive margins by AEZ according to the regional classifications used by Hertel et al. In general, the regional/AEZ extensive margins obtained from this data set fall in the range between 0.42 and 1. However, in 43 spots, estimated margins are between 1 and 1.05. In eight spots, estimated values are between 1.05 and 1.15, and in 13 spots, estimated margins are between 1.15 and 2. The cells with ETA > 1 mainly belong to the regions and AEZs with large natural land areas with very small areas of cropland. The regional/AEZ extensive margins obtained from this data set fall in the range between 0.42 and 1. The uniform global extensive margin of 0.66 used by Hertel et al. falls in this range. Finally, the economic model used by these authors is augmented with the new extensive margins and used to reassess land use implications due to the US ethanol program. Results indicate that new extensive margins reduce the estimated land requirement for ethanol production by 25%. This result shows that having a region/AEZ-specific calculation of extensive margins is very important in estimating the land use changes induced by biofuels.
The regional/AEZ extensive margins obtained in this paper are subject to some limitations and uncertainties. Ignoring heterogeneity in land productivity within AEZS, random selection of new land, using a global factor to adjust yield for irrigation, and ignoring land accessibility factors are the main limitations and sources of uncertainty which deserve more attention in future research. These authors used the computable general equilibrium model known as GTAP-BIO which was developed at the Center for Global Trade Analysis Project at Purdue University. This model is a variety of the GTAP model developed originally by Hertel [29] . The wetland is dropped because conversion of this type of land to cropland is prohibited in many countries. Of course, in the real world, when there is no credible regulation, people may convert wetlands to cropland as well. However, we do not know to what extend these illegal land conversion activities may happen in future. Introducing this important issue requires further research in this area.
d In this research (following Fischer et al. [30] ), terrain slopes are divided into seven classes of 0% to 2%, 2% to 5%, 5% to 8%, 8% to 16%, 16% to 30%, 30% to 45%, and >45%. The global average yield of coarse grains (including irrigated and rainfed areas) is about 9.8% higher than the global average yield for rainfed coarse grain. We acquired this figure from the data set provided by Portmann et al. [31] . Based on this figure, the productivity of uncultivated land is reduced by 10% to take into account for the difference between average productivities. The sensitivity of the results with respect to changes in this parameter is tested with values of 5% and 15% instead of 10%. This test shows that the ETA values increase by about 5% to 6% if the irrigation adjustment rate of 5% is used, and they drop by 4% to 6% if the adjustment rate is 15%.
f An ETA > 1 means that the uncultivated land is more productive than the existing land. When ETA > 1, one can ask this question: why is less productive land used first? Several reasons such as high costs of land conversion, distance to market, lack of infrastructure, restrictions due to conservation programs, and many other factors could explain this result. Hiedere et al. [32] developed a method to identify marginal land subject to these types of constraints. When the most productive land is not used due to economic or other constraints, then one can observe an ETA > 1. We limit the upper bound of ETA to 1 because GTAP does not take into account factors such as those mentioned here and only consider land transition among accessible lands. ETA values > 1 usually represent regions with large areas of inaccessible land with small areas of cropland.
